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SUMMARY

A growth and yieddd model has been developed for thinned and
unthinned dash pine (Pinus elliotrii Engdm. var . elliottii.) plantations
on problem-free cutover dtesin the west gulf region. These Steswere
origindly virgin sands where clearcutting was followed by grazing and
repeated burning that controlled the woody vegetation, thus alowing
plantation establishment without Site preparation. The mode was based
on the moment-percentile method using the Weibull distribution for tree
diameters. This technique was gpplied to unthinned and thinned stand
projections and, subsequently, to the prediction of resdua stands
immediatdy after thinning. Generdly, initid thinnings were from beow
but a later ages a good distribution of tree diameters across the plot was
aso acriterion. The data base upon which the model’s parameters were
edimated was obtained from severa studies throughout the region and
contained stands well into the 40-year age class. The growth and yield
prediction system was tested againgt the data used in its development
and, generdly, the predicted stand- and yield-table variables averaged
within 5 percent of the observed values. In addition, predicted trends for
unthinned and thinned plantations and some comparisons of results of

these management dternatives are given under specific ste and stand
conditions.
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Growth and Yield Predictions for Thinned and Unthinned Slash
Pine Plantations on Cutover Sitesin the West Gulf Region

Stanley J. Zarnoch, Donald P. Feduccia, Virgil C. Baldwin, Jr. and Tommy R. Dell

i INTRODUCTION

Sash pine (Pinus elliottii Englem. var. elliottii.) has been extensvely planted in the west gulf region on
problem-free cutover forest Stes, which were virgin stands where clearcutting followed by grazing with repeated
burning controlled the woody vegetation. This procedure had permitted plantation establishment without site
preparation. The stand projection system caled USLYCOWG (Del and others 1979) was developed to estimate
the yield of unthinned plantations of this type by predicting the parameters of a Weibull diameter digtribution
based model. However, no provison was made for estimating thinned-stand yields. USLY COWG has been
used throughout the west gulf region to predict unthinned-stand yields, but most of the data used to develop the
model was obtained in stands less than 25 years old. Estimates of yields beyond this age, which are needed for
sawtimber management, are questionable. The objective of the research reported here was to develop a stand
projection system for estimating yields of thinned and unthinned dash pine sands in the west gulf region. An
expanded data pool contained information on stands well into the 40-year age class. In addition, an approach,
caled parameter recovery (Matney and Sullivan 1982, Hyink and Moser 1983), was used in moddling the
diameter distributions.

PLANTATION DATA

The study’s data pool consisted of 507 unthinned-stand yield observations and 543 thinned-stand growth-
period observations from 0. 10- to 0.25acre plots in dash pine plantations established on problem-free cutover
forest land. The length of the growth period was generdly 5 years but ranged from 3 to 11 years. The plots
were not located in areas where survival was poor or where heavy insect, disease, or other damage was present.
For the most part thinning was from below, but at later ages a good digtribution of tree diameters across the
plot was also a criterion.  In addition, there were 530 residud-stand observations of post thinning conditions.

Diameter a breast height (d.b.h.) to the nearest 0.1 inch was taken for al trees a each observation on a
plot. The Ste index equation of Zarnoch and Feduccia (1984) (fig. 1) was used to caculate site index for each
plot from asample of dominant and codominant trees. Upper-stem  height  and  outside-bark  diameter  measure-
ments were made on sample trees, and volume per acre was determined by the height accumulation method
(Lohrey 1967%, Lohrey and Del 1969). This process utilized height measurements from breest height to
treetop adong the bole a diameters that were multiples of 2 inches (i.e., 2 inches, 4 inches, 6 inches). The
digtributions  of observations by various age, Ste, and densty combinations are summarized for unthinned-stand
(tables 1 through 3), thinned-stand (tables 4 through 9), and residual-stand (tables 10 through 13) observations.

MODEL DEVELOPMENT

The moment-percentile method was used to edtimate the parameters of the Welbull diribution. This
technique was then gpplied to unthinned- and thinned-stand projection Stuations and, subsequently, to the

"L ohrey, Richard E. 1967. Unpublished special report, “Description and use of two new computer programs for summarizing sample
plot data. " On tile with: USDA Forest Service, Southern Forest Experiment Station, Pineville, Louisiana.
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Figure 1 .--Height of dominant and codominant trees by plantation age for site indices of 30 through 80 based on the eguation log (HDd = log

(S) +2.922293{[1 /SQRT(25)]-[1/SQRT(A)]} (Zamoch and Feduccia 1984). Note that log implies logatithm to the base 10. Also observe
that 49 years since outplanting corresponds to SO years since seed.



Table 1.--Distribution of unthinned-stand yield observations by plantation

age and site index

Age Site index class (feet)
class 28-  33- 38- 43- 48- 53- 58- 63- 68- 73- 78- 83- Total
32 3 42 47 B2 57 62 67 72 77 82 87
Years = = e e Number————— = e e el
8-12- 1 .2 3 1 2 4 15 37 16 4 ab
13-17 2 3 10 11 22 12 51 61 34 5 2 213
18-22 5 6 16 la 15 14 9 3 86
23-27 1 10 12 11 7 12 3 56
28-32 4 a 5 4 12 33
33-37 1 1 5 1 1 15 24
38-42 1 1 6 1 9
43-47 1 1
Tot al 3 5 3 17 33 65 53 94 157 63 12 2 507

Table 2. --Distribution of unthinned-stand yield observations by plantation

“age and planting density

Age Planting densitv class (trees per acre)
class 251- 501- 751- 1001- 1251- 1501- Tot al
o 500 750 1000 1250 1500 1750
Years e (L1 T NI ——
a-12 6 6 40 33 a5
13-17 14 13 144 42 213
18-22 11 11 40 16 3 5 86
23-27 a a 24 9 3 4 56
28-32 5 la 9 1 33
%3 2y : . 24
2 9
43- 47 l 1

Tot al 39 45 288 119 7 9 507




Table 3 .--Distribution of unthinned-stand yield observations by planting density

and site index

Pl anting Site index class (feet)

density 28- 33- 38- 43- 48~ 653- 58- 63- 68- 73- 78- 83- Total

cl ass 32 37 42 47 52 57 62 67 72 77 82 87

Trees per acre ~""""7TTTTTTooooooooooooe NygD€r - - - - - -moo oo
251- 500 5 4 10 3 2 6 4 1 3 9
501- 750 3 18 8 2 5 5 3 1 4 5
751- 1000 3 5 3 12 23 33 30 64 85 26 4 288

1001- 1250 3 4 9 21 55 26 1 119

1251- 1500 1 2 4 7

1251- 1750 2 3 4 9
Tot al 3 5 3 17 33 65 53 94 157 63 12 2 507

Table 4. --Distribution of thinned-stand observations by plantation age and site
i ndex
Age Site index class (feet)
class 43- 48- 53- 58— 63~ 68- 73- 78- Tot al
47 52 57 62 67 72 77 82

Years = 00000 eeeeeeeeeeaoo-- oo NUpPel --------- - - am oo -
8-12 13 3 2 18
13- 17 1 7 7 8 30 55 40 2 150
18- 22 2 4 10 17 26 48 7 114
23-27 3 4 14 14 21 39 15 1 111
28-32 2 9 16 11 6 43 24 2 113
33-37 1 27 3 31
38-42 3 3 6

Tot al a 24 47 50 87 228 92 7 543




Table 5.--Distribution of thinned-stand observations by plantation age and

resi dual basal area inmmedi ately after thinning

Age Resi dual basal area (ftZ/acre)
cl ass
21-40 41-60 61- 80 81-100 101-120 121-140 Tat al
Years = —-mmmmm e Number---=———— e e e
8-12 8 38 2 18
13-17 1 12 49 65 21 2 150
18- 22 2 10 32 41 22 7 114
23- 27 2 12 29 50 , 16 2 111
28-32 2 13 27 47 19 5 113
33-37 4 5 12 10 31
38-42 2 4 6
Tot al 7 51 150 223 92 20 543
Table 6 .--Distribution of thinned-stand observations by plantation age and
residual trees inmmediately after thinning
Age — Residual trees per acre
cl ass 1- 101- 201- 301- 401- 501- 601- 701- 801- 901- Tot al .
100 200 300 400 500 600 700 800 900 1000
Years = = @ —emmmmmmssmsssemceoco————— Number--------====e——- St bttt
8-12 1 10 4 1 1 1 18
13-17 20 55 46 26 3 150
18-22 12 46 30 14 6 6 114
23-27 . 5 60 32 11 2 1 111
28- 32 31 62 12 5 3 113
33-37 11 20 31
38-42 4 2 6
Tot al 47 158 112 101 66 43 13 1 I 1 543




Table 7 .--Distribution of thinned-stand observations by residual basal area
imediately after thinning and site index
Resi dual Site index class (feet)
basal area 43- 48- 53~ 58- 63- 68- 73~ 78- Tot al
5 47 52 57 62 67 72 77 82
Ft“/acre = = =  smmmmeee o NUNMDEY = = = e o et e e o e e e
21-40 2 2 2 1 7
41-60 7 18 11 5 10 51
61- 80 3 5 7 11 19 77 26 2 150
81-100 3 3 10 17 42 93 53 2 223
101-120 4 6 7 18 41 13 3 92
121-140 3 4 3 3 7 20
Tot al 8 24 47 50 87 228 92 7 543
Table 8.--Distribution of thinned-stand observations by residual basal area and
residual trees imediately after thinning
Resi dual Resi dual trees per acre
basal area 1- 101- 201- 301- 401- 501- 601- 701- 801- 901- Total
100 200 300 400 500 600 700 800 900 1000
th/acre ---------------------------- T oT =) T T —
21-40 3 2 1 1 7
41- 60 19 15 8 6 2 1 51
61- 80 22 41 38 29 8 11 1 150
81-100 3 73 49 42 32 18 3 1 1 1 223
101- 120 25 14 22 15 9 7 92
121-140 2 2 2 8 2 20
Tot al 47 158 112 101 66 43 13 1 1 1 543




Table 9.--Distribution of thinned-stand observations by residual trees

imediately after thinning and site index

Site index class (feet)

Resi dual 43- 48- 53~ 58~ 63- 68- 73- 78~- Tot al
trees 47 52 57 62 67 72 77 82
Trees/acre =me—ewmcmcc e ————— NUMDE Y === = o o s om e e e e
[-100 2 9 2 1 23 8 2 47
101- 200 1 '3 8 14 21 79 31 1 158
201-300 3 2 "14 8 20 50 15 112
301- 400 1 7 6 13 16 38 20 101
401-500 1 3 6 6 17 19 12 2 66
501- 600 2 4 1 5 12 14 5 43
601- 700 3 3 2 2 1 2 13
701- 800 1 1
801-900 1 1
901- 1000 1 1
Tot al 8 24 47 50 87 228 92 7 543

Table 10.--Distribution of residual stand observations by basal area before
thinning and basal area after thinning; the first figure in each
entry is for the first thinning and the second is for the second

through fifth thinnings

Basal area Basal area after thinning Lftzlacre)
before thinning 21- 41~ 61- 81- 101- 121~ Tota
- 40 60 80 100 120 140
FEZ/acre ------------------- Number—=———= == e :
41-60 0/5 0/4 0/9
61-80 /1 1/24 1/2 3/27
81- 100 . I b/ 9 8/717 5/9 23/95
101-120 3/0 12/26 16/104  3/14 34/144
121-140 2/2 8/3 27/45 14/36 1/0 52/86
141- 160 7/0 10/3 6/17 6/2 29/12
161-180 4/0 4/0 2/0 3/0 "13/0
181- 200 2/0 1/0 3/0

Tot al 1/6 16/39 40/108 64/161 25/57 11/2 157/373




Table 11 .--Distribution of residual stand

thinning and trees per acre befor

observations

by basal area before

e thinning; the first figure in

each entry is for the first thinning and the second is for the

second through fifth thinnings
Basal area Trees per acre before thinning
before thinning 1- 201- 401- 601- 801- Tot al
200 400 600 800 1000
th/acre ------------------ Number----------===---see—ccccncnnccnce-
41-60 0/7 0/2 0/9
61-80 0/18 0/9 1/0 2/0 3/27
81- 100 0/38 0/47 8/9 12/1 3/0 23/95
101- 120 0/38 0/70 9/36 20/0 5/0 34/144
121- 140 0/7 0/45 8/26 41/7 3/1 52/86
141- 160 0/6 4/4 18/2 7/0 29/12
161- 180 4/0 4/0 5/0 13/0
181-200 3/0 3/0
Tot al 0/108 0/179 34/75 97/10 26/1 157/373
Table 12 .--Distribution of residual stand observations by basal area before
thinning and plantation age; the first figure in each entry is for
the first thinning and the second is for the second through
fifth thinnings
Basal area Age cl ass (years)
before thinning 8-12 13-17 18- 22 23- 27 28- 32 33-37 Tota
th/acre ——————————————————————— Number--—=—==—c--—me s ————
41- 60 0/1 0/3 0/5 0/9
61- 80 3/0 0/5 0/7 0/11 0/4 3/27
81-100 6/0 16/16  1/26 0/19 0/29 0/5 23/95
101- 120 9/0 21/20  4/33 0/40 0/35 0/16  34/144
121- 140 3/0 42/10 4/22 3/27 0/22 0/5 52/86
141- 160 23/0 2/0 1/11 3/1 29/12
161- 180 10/0 3/0 13/0
181-200 /0 2/0 3/0
Tot al 18/0 116/46 16/87 4/107 3/103 0/30 157/373




Table 13 .--Distribution of residual stand observations by trees per acre
before thinning and plantation age; the first figure in each entry
is for the first thinning and the second is for the second through

the fifth thinnings

Trees per acre Acre class (yvears)
before thinn'ina 8-12 13-17 18- 22 23-27 28-32 32-37 Tot al
Trees/acre ——————— e o o e Number  —-----ccccememmmeeee------
| -200 0/17 0/61 0/30 0/108
201- 400 0/13 0/52 0/74 0/40 0/179
401- 600 28/26 3/34 1/13 2/2 34/75
601- 800 8/0 76/6 9/1 3/3 1/0 97/10
801- 1000 10/0 12/1 4/0 26/1
Tot al 18/0 116/46  16/87 4/107 3/103 0/30 157/373

prediction of resdud stands immediatdy after thinning. Tota tree height and volume equations required for
stand summaries are discussed.

Moment-Percentile Estimators

The three-parameter Weibull function (Bailey and Dell 1973) was sdlected as amodd for the distribu-
tion of diameters. The Webull probability densgity function is defined as.
¢

el (%2 ¢
f(x) = % x;_fa) e v b for a:0, b0, ¢>0 and xza
0

el sewhere (1)

where

a = location parameter,

b = scde parameter,

C = shape parameter, and

x = diameter outside bark (inches) at a height of 4.5 feet (d.b.h.), with the cumulative distribution
function:

x-a\°®
F(x) = 1 - e
(2)
It can be shown that the second moment about the origin is defined as:
Ex?) = Fox2 1(x) dx = a2 + 2ab T(14d) + b% T(142) (3)




where
I'(z) = the gamma function evauated a z (Dl and others 1984).

The expectation in equation 3 defines the average squared diameter measured in square inches, which when
multiplied by the congtant

12 [-113]2 = 0.005454,

] Lo

T {

and the number of trees per acre, gives the basd area per acre @*/acre). If the sample estimate of the second
moment is defined as

el
E[ X

[\
i
Sie
Kokl
>
o
[

then taking the square root gives the quadratic mean stand diameter:

0.5
[y ] - ‘lfl" PR

Percentile definitions involve letting x, equal the diameter that is the 100, percentile of the Weibull distribu-

tion where 0 < p < 1. Equation 2 can then be solved for the scale parameter b:
_ *p-a
b = - 1 (4)
[-In(1l-p)]€

Combining equations 3 and 4 and rearranging gives.

1 r(1+2)
a? + 2a(xp-a) L‘J)l + (xp—a)2 (—CE . E(XZ) =0, (5)
[-In(1l-p)]°® [-1In(1-p)]€

which is solved by numerica techniques for the shape parameter ¢, given a specified p and esimated a, E(X?),
and x,. In the study described here, the location parameter was estimated by a simple projection function,
yleldl ng a two-parameter Weibull distribution, with a being fixed. The vaue of p was set a 0.93 because (1)
the estimators of a and E(X?) tie down the |€ft tail and center of the distribution, respectively, (2) the upper
right tail is where most of the value is for digtributions of tree diameters, and (3) the 93rd percentile has been
found useful in estimating Weibull parameters in other Situations (Zanakis 1979). Hence, equation 5 becomes:

1 2
T'(1+= r'(l+£
a? + 2a(x g;-a) o) -+ (x g3-a)? ) E(X*) = 0, (6)
(2.65926)€ (2.65926):

10



and equation 4 becomes.

X g3-a

b = (7)

1
(2.65926)¢

Solving for ¢ in equation 6 and subdtituting its value into equation 7 gives b, which then completdly defines the
Weibull digtribution.

Unthinned Stands

In order to obtain the Welbull diameter distribution parameters for a given stand by the moment-percentile
method of parameter recovery, three stand-level attributes must be predicted and these estimates used to solve
for a b, and ¢ as described previoudy. After considerable modeling effort, the stand attributes X . . B, and
X g3 were selected where:

mins

Xmin = db.h. (inches) of the smallest diameter tree on a study plot,
B = basal area (ft*/acre), ad
«.93 = db.h. (inches) that is the observed 93rd percentile in the diameter distribution of a study plot.

The projection equations used to estimate these quantities over time form a system of nonlinear functions of age,
site, and number of trees surviving. The stand atribute X, iS inherently week in thét it js an order Satistic
and is a decreasing function of sample size.  Thus, in forestry gpplications, X;, will decrease when plot size
increases, and when plots of unequal Size are used, as in the present case, the definition of X, becomes questi-
onable unless it is modeled as a function of plot Sze or more directly by the number of trees in the sample.
However, this problem has generally been dismissed in previous growth and yield research because only a crude
esimate of X, iS needed, therefore, this issue was not pursued further.
The basd areayield equation was modeled as.

-1
A
B = oyl ? 1,7 (8)

where
H,. = averageheight (f) of dominant and codominant trees,
T, = number of trees surviving per acre,
A = age of plantation (years); i.e, number
of growing seasons since field planting, and
o = parameters to be estimated (i = 1,2,3,4).




The quadratic mean diameter )_(q, defined as the d.b.h. of the tree of average basa area, can be derived by
agebraic manipulaion from equation 8, yidding:

5 8 . 8, A1
= 2 3.%
Xq 51 HDC T, ‘e

(9

where
1
5 - [_‘ﬂ_]z
1 0.005454 )
@
52 = 5
(a,-1
63 = '5‘12 ') and
[0 4
4
64 = 7.

Given the definition of X it is ressoneble to require that models of X.. and X 5, have the same functional
form as the model of X,. Thus we have the nonlinear models:

8 B, B,AY
Xpin = B, Hpc 2T, %" (10)

and:

X

- 7, 73 v,471
93 = Y Hpe F T 7 e (1)

With these three stand-leve attributes projected for a specific stand, the location parameter is fixed as.

a = 0.5 Xmin (12)

and the second moment is estimated by:

B
ECE) = grousasa T (13)

s

Experience has indicated that the vaue of a affects the distribution little because the other parameters adjust
themsalves accordingly (Zarnoch and Dell 1985). Moreover, because a is between zeroand X . | itisnaturd
to fix this parameter a the midpoint of this interva.  Hence, the shape parameter ¢ is estimated by solving
equation 6 after subgtitution from equations 11, 12, and 13. The scae parameter b isfound by subgtituting the
vaue of ¢ and vaues from equations 11 and 12 into 7.

12




Equations 8, 10, and 1 1 werefitted to the plot data. Their estimated coefficients and fit Satistics are shown
in table 14. Anexample of the behavior and relaionship of these stand attributesis shown in figure 2, where
the minimum diameter (X,,,), quadratic mean diameter (function of B), and the 93" percentile (X ;) are plotted
over plantation age for three levels of trees surviving at age 10 where the Site index is 60.

The predictor variables consst of age, height of dominant and codominant trees, and number of trees
aurviving. If vaues of the latter two stand measurements a a given age are unknown, they must be predicted.
Mean height of the dominant and codominant trees at any age can be obtained from a back-solution of the site
index equation (Zarnoch and Feduccia 1984). Two forms of this equation are given in table 15. There are
three ways to predict surviva in unthinned stands.  If the number of trees surviving a the starting age, T, is
unknown, but basd area per acre and Site index or mean height of the dominant and codominant trees is known,
then the fourth equation in table 14 is goplicable. If only the number of trees planted, T;, is known, then the
fifth equation in table 14 can be used to predict T,. Finaly, when projecting changes in number of trees
surviving from one age to another, an equation is given in table 14 based on the modd:

B_a,-a,)
T = 17271
2= T, e (14)

where
T, = number of trees dive a the projection age,

T, = number of trees dive a the initid age,
= projection age, and

A,

A, = initid age
Figure 3 illustrates survival patterns, over time, based on the fitted model (equation 14) for four stand densities,
each beginning at a stand age of 10 years.
Thinned Stands

The thinned-stand modd is aso based on the moment-percentile parameter recovery approach, estimating
the values of stand-level atributes By, X5, X ¢35, ad T, & projection age A, from initid age A, where:

B, = basal area (ft*/acre) & age A,,

Xmin2 = db.h. (inches) of the smallest diameter tree on astudy plot at A,,

X932 d.b.h. (inches) that is the 93rd percentile in the diameter digtribution at A, on a study plot, and
T, number of surviving trees a A,.

The basd-area projection equation originaly used by Clutter (1963) and Sullivan and Clutter (1972) was used
and isdefined as:

Al A,
— (1~A—) (oz1+oz2 S)

B, = BlAze 2 (15)

where
S =dteindex at base age 25 and
o; = parameters to be estimated (i=1,2).

13
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Figure 2.--Predicted diameter-growth relationships by plantation age for unhinned slash pine (site index 60) with survival at age 10 of 400, 600, and
800 trees per acre where X, is d. b. h. (inches) of the smallest diameter tree on a plot, X, is the quadratic mean diameter (inches), and X o,
is the d.b.h. (inches) that is the observed 93 percentile in the diameter distribution of a plot.
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Table 14.--Equations used for the wunthinned-stand vyield nodel conponents

Fit

Equati on statistic" S.E.
B = 0.004715 y 1.506277 7 0.623533 05.819339A71 0.93 10. 40
X = 0.011293 HDcl.788576 Ts—0.1.01856 e15,415341A'1 0. 60 0.86
X gy = 1.810092 By 0-55%04 1 ~0-175583 40.5063224 " 0.95 0.44
T = 5424.369016 Hy, -1.024749 B1.180924 -7.0821734" 0.82 72.30
T, = T, 1.0-0.0034168 0.56 116. 90
T, = T, € -0.021863(a,-4;) 0.93 45.70

*The fit statistic is the square of the correlation coefficient

between the predicted and observed variables.

Tabl e 15. M scel | aneous equations needed for the growh and yield nodel
Equati on

S = Hp, 107°-28440972.922283 4% pase age of 25 years.

He =S 100 584459-2.922293 a0.3

V= 0.12905 + 0.0028271 D*H - 0.10102(1077) (D*H)*

H = 1.9838 Hj 0 913811 p0-117989 -1‘50-075‘*701,30.5&39077.A'1 -2.1613907?
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Figure 3 .--Surviving trees per acre by plantation age for unthinned slash pine for four different starting densities.




__ Equation 14 was used to model survivd.  An estimate of the quadratic mean diameter at projection age
X,,2 Was derived by combining equations 14 and 15:

0.5

A1 '
_ - (152 (6,+635) + 6,(Ay-Ay)
X2 = 6, —TT (16)
where
§, = 13. 540741,
_
62 - 'Q_:
_ 0y
85 = o and
._ﬂl
54 = —2-.

Again it will be assumed thet X ;. » and X g3 , have the same functiondl form as X, »; thus, we have:

9.2’
0.5
( %1' Ay
B,"2 e(l-g) (B,+B,5)+B, (Ay-A;)

Xrnin,z = ﬂk ’]:‘1 (17)
and:
0.5
A R
B, (1-73) (1,47,5)+7, (Ay=Ap)
Koo = M T e 2 (18)

Given these ‘ stand-levd attributes projected for a specific stand at age A,, the location parameter is fixed at:
a=209 Xmin,2, (19)

and the second moment estimated by:

_ B, 20
E(X) = §005454°T;- (20)

Notice that ¢ is now fixed very near the minimum diamet.», while in the unthinned-stand model a was fixed
a hdf the minimum diameter. The judtification for this difference is that thinned stands contain fewer trees

and often exhibit a smoother digtribution of diameters as a result of previous thinnings. It was judged that for
thinned stands a was better estimated by the minimum diameter, and the vaue of a was set closer to this
number. The shape parameter ¢ is estimated by solving equation 6 after subgtitution of vaues from equations
18, 19, and 20. The scale parameter b isfound by subgtituting values from equations 18 and 19 and the vaue
of ¢ into equation 7. The stand-levd attribute mode equations 14, 1.5, 17, and 18 were fitted to the plot data;




their estimated coeffkients and fit gatistics are shown in table 16. Because thinning affects stand growth,
thinned-stand growth models are more complex than models describing the growth of unthinned stands. The
necessity of employing basal area (B,) dong with age (A, and A,), Steindex, and trees surviving (T,) as input
variables illustrates this point. Obvioudly, resdud B, and T, define X, and therefore the quadratic mean
dlameter can be substituted for one of the other two. More important, t ough the fact that B, and T, define

4,1 Indicates the important role that average residua-tree diameter has in thinned-stand grovvth models even
though it may not explicitly enter into any of the projection equations.

Resdud Stands

The modd formulated to predict the diameter digtributions of residud stands immediately after thinning from
below is aso based on the moment-percentile method of parameter recovery. The mode used to predict the
number of resdud trees after thinning (Matney and Sullivan 1982) was.

B 11*%
T, = T, [ 1.0- [ 1.0-1—%] ] (21)

where
T, = number of trees per acre before thinning,
B, = basd area (ft*/acre) before thinning, and
B, = a specified resdua basal area (ft*/acre) that will remain after thinning.

It should be noted, that in a previoudy unthinned stand, T, would be identical to the T, input required to make
predictions of diameter distribution parameters at that age and that B, is Smply the estimated basa area from
equation 8. Conversdly, in a previoudy thinned stand, T}, isidentical to T, in equation 14, and B, is estimated
using equation 15.

The other two stand attributes were modeled as:

B, -By
"min,r = P1 T Aot * Penin b * By (22)
and:
- -B
X930 =7 + 7% 93 p + T3%q,b + 74Bb—Bb—r (23)
where
A = plantation age (years) a time of thinning,
;((min’b f d.b.h. (inches) of the smdlest diameter tree on a study plot before thinning,

min e d.b.h. (inches) of the smalest diameter resdua tree on a sudy plot after thinning,

B, - basa area (ft*/acre) before thinning,
B, = residud basa area (ft*/acre) dfter thinning,
X o3 the diameter (inches) that is the 93rd percentile in the diameter digtribution before thinning,

=<
o
A
o

oo

the diameter (inches) that is the 93rd percentile in the resdud diameter distribution after thinning,
and

Yq,b _ the quadratic mean diameter (inches) before thinning.

Given these gtand attributes, the location parameter is fixed at:

a=109 Xmin,ri i (24)
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Table 16. -- Equations used for the thinned-stand growth projections

Fit
Equation statistic” SE.
A A,
A (l-A—')(5.190356+0.006501 S)
B, = B?2e 2 0.88 7.30
A 0.5
.22
1
A
(l-A—l-)(-4.238939+0.048459 S)+0.076748(A2-A1)
e 2 0.78 1.35
A1 0.5
B. 52
1
X g3, = 15.132775 I
A
(I‘A—)(4.455365—0.012739 S)—Q_010953(A2—A1)
e X2 0.92 0.72
-0.015386(A,~A
1, =1, e R 0.97 23.70

*The fit statistic is the square of the correlation coefficient
between the predicted and observed variables.

because the residud stand contains fewer trees and has a smoother diameter digtribution than the unthinned
gand. The second moment is estimated by:

By

2
E(X") = oo05252 T,

(25)

and the p and c parameters are found after appropriate substitutions into equations 6 and 7.

Modes 21, 22, and 23 were fitted to before- and after-thinning data, and the estimated coeffkients and fit
datistics are shown in table 17. Origindly, these were fitted separately to data from first, second, third, fourth,
and fifth thinnings However, after scrutiny of the coefficients, models for two to five thinnings were
consdered essentidly the same, and so the data was pooled and coefficients refitted. The formation of one set
of equations for the firg thinning and another for subsequent thinnings is aso based on the judgment that the
firg thinning differs from the res when thinning is from beow: the firg thinning gets the sand in shape for
repeated  subsequent  thinnings.

Height-Diameter Equation
The total height of a given tree was modeled as a function of tree diameter, Site index, and stand conditions.
There were 17,606 height observations from the thinned and unthinned stands that were used together, giving:

In(H) = 0.684994 + 0.589077 A- + 0.913811 In(Hpo) - 0.117585 In(B) + 0.0754701 In(Ts)
. 2.16139 D! (26)
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Table 17.-- Equations used to predict the residual stand follow ng
t hi nni ng
Equat i on* R? or
fit statistic+ S.E
First thinning
Koin,r = -1.0388 + 0.053716 A + 1.171432 X
in,b
+ 1.322203 P 0.61 0.96
X’93,r = 0.293766 + 0.811760 X o , + 0.301176 )‘(q b
+ 0.205805 P 0.93 0.26
0889554 0.994982
- B .
T, = Tbl: 1.0 - [1.0 Ef] :I 0.95 30. 60
Second and future thinnings
Xnin,r = -1.28337 +0.107893 A + 0.862925 Xoin b
+ 1,114448 P 0.83 1.14
X.g3,» = 0.119026 + 1.058200 X gy p - 0.051883 )‘(q’b
+ 0.316591 P 0.99 0.20
0.706519 0.742329
B .
X
T,] 1.0 - [1.0 - -B—b] _I 0.97 17.60

-B
P = %, B, = basal area (ftz/acre) before cut,
b

and B_ = residual basal area (ftz/acre) after cut.

*The fit statistic is the square of the correlation coefficient

between the predicted and observed variables.

where
H = edtimated totd height (ft) of a given tree,
D = d.b.h. (inches) of a given tree, and
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the other variables are as previoudy defined, with R2 = 0.94 and S.E. = 0.0911, both in the logarithmic scae
for the dependent variable. (See table 15 for an dternate form). The equation generates estimates of tree
heights that are used in the volume-defining function to determine cubic-foot volume per tree, which can be
accumulated on a stand basis for estimates of volume per acre.

Volume-Defining Equation

Tree volumes were determined by the height accumulation method. Stump height was set at 0.5 ft. Severd
volume equations were fitted. These included the typical V = b, + b, D’'H modd and variations with no
intercept, with aweighted term, with estimated exponents in a multiplicative model, and with the square of D*H
included as another term.  Comparison of these models resulted in selection of the best modd:

V = 0.12905 + 0.0028271 D’'H - 0.10102 (1077) (D*H)? (27)
where

V = totd volume (ft%) outside bark above a OS-ft stump,
D = d.b.h.(inches), and
H = totd tree height (ft),

with R? = 0.9865 and S.E. = 1.1916. (See table 15). This mode was used for computing individua-tree total
outside-bark volumes and subsequently volume per acre for thinned and unthinned stands.

MODEL TESTING

The growth and yield prediction sysem was tested againgt the data used in its development. The tests
verified that predicted vaues were close to those observed.

The prediction phases tested were: yidd prediction in an unthinned stand, growth prediction in an untbinned
gtand, characterization of aresdud stand after thinning, and growth prediction in athinned stand. In each case
selected, predicted values of stand and yield table variables were compared with their respective observed
vaues. The same volume defining function was used in each case. Mean predicted, mean observed, correlaion
coefficient, mean difference (predicted minus observed), and mean percentage difference Satigtics were
caculated. The percentage differences are defined as:

100 [: PREDI CTED - OBSERVED ]
OBSERVED

Results of these tests are found in tables 18 through 22. With the generd exception of X, ., which is highly
variable, the stand- and yield-table variables averaged within + 5 percent of the observed vaues. This indicates
that the system of equations accurately predicts growth and yield in the stands from which it was developed and
should provide good results when used to make predictions in Smilar dash pine plantations.

DISCUSSION

Trends

Prediction trends for unthinned and thinned plantations and some comparisons of results of these management
dternatives are given in figures 4 through 11. Generdly in these figures, the extremdy wide range of ste
indexes from 40 to 80 are presented. However, in this discussion, we have focused on the more redigtic Site
indexes of 50 and 70. In most cases it was assumed that 700 trees were planted per acre (about an 8- by 8-ft
spacing) on lands with site indices (base age 25) of 50 and 70. After prediction of stand conditions a age 10,
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Table 18.--Cbserved vs. predicted values of stand- and yield-table variables for unthinned
slash pine plantations (n=507)
Mean Correl ation Mean
Par anet er Predicted Cbser ved coefficient Difference Percent difference
Huin 2.58 2.57 0.77 0.01 17. 60
X. 24 5.27 5.14 0.94 0.13 3.69
X. 63 6.66 6.65 0.97 0.01 0.57
X. 93 8.08 8.08 0.97 0.00 0.37
X 124 83 e 6y 0.98 0.01 0.63
0.97 0.21 1.51
VOL 3300. 30 3369.71 0.98 -69. 42 -0.38

Table 19 . --CObserved vs.

predicted val ues of

stand- and yield-table variables for unthinned

slash pine plantations after one growth period (n=255)

Mean Correl ation Mean

Par anet er Pr edi ct ed Observed coefficient Di fference Per cent di fference

Xoin 2.87 3.10 0.77 -0.22 2.25

X. 24 5.70 5.66 0.94 0.04 1.56

X.63 7.29 7.40 0. 96 -0.10 -1.07

_X.93 8.93 9.05 0. 96 -0.13 -0.98

Xq 6.93 7.03 0.97 -0.11 -1.16

B 137. 48 0.93 -1.00 -0.57

5 136.48 537.8 537.25 0.97 0.03 1.64

B 55. 25 57.95 0.83 -2.69 -2.23

VOI, 3828. 00 4172. 65 0. 96 -344. 62 -6.11
Table 20 .--CObserved vs. predicted values of stand- and yield-table variables inmediately

after the first thinning (n=157)
Mean Correl ation Mean

Par anet er Pr edi ct ed Obser ved coefficient Di fference Percent difference

Hoin 2.59 2.59 0.78 0.00 13.58

Xoy 5.10 5.05 0.86 0.05 2.35

X3 6. 30 6. 38 0.94 -0.08 -0.91

X g3 7.51 7.51 0.96 0. 00 0.11

§q 6. 00 6.05 0.96

5 450. 99 449. 60 0.97 205 14 06 13

B 45. 92 46. 00 0.99 -0.08 -0.05

VoL 2053. 10 2133.68 0.99 -80. 63 -2.58
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Table 21 .--Cbserved vs. predicted values of stand- and yield-table variables immediately

following all thinnings except the first (n=370)

Mean Correl ation Mean
Par anet er Predi ct ed Observed coefficient Di fference Percent difference

$hin 5.68 5.69 0.91 -0. 00 10. 99
X 7.94 7.84 0.96 0.10 2.19
X g3 9.25 9.29 0.99 -0. 04 -0.41
X3 10. 54 10. 54 1.00 0. 00 0.06
Sl‘sl 8.89 a. 94 0.99 -0.05 -0.43
5 W 4 218.55 6.0 0.99 1.00 026 0.6 09 LB
“‘DC

VOL 2722.50 2809. 05 . 0.99 -86.57 -2.80

SI-80
SI=70
SI=60

/SI-SO

SI=40

QUADRATIC MEAN DBH (INCHES)

Bl e e
10 15 20 25 30 35 40 45 50

PLANTATION AGE (YEARS)

Figure 4,--Predicted quadratic mean diameter trends for site indices of 40 through &0, each planted with 700 trees per acre.
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Fi gur e 5 .--Predicted basal area per arce trends for site indices of 40 through 80, each planted with 700 trees per acre.

Tabl e 22.--Coserved vs. predicted values of stand- and yield-table variables for slash

pine plantations after a S5-year growth period follow ng thinning (n=543)

Mean Correl ation Mean
Par amet er Pr edi ct ed (bser ved coefficient Di fference Percent difference

Xnin 5. 64 5.54 0.88 0.10 18. 84
X.24 8.50 8.03 0.98 0.46 5. 67
X. 63 9. 80 9. 64 0.98 0.16 1.27
X. 93 11.02 11.07 0.96 -0.05 -0.48
By 9.41 9.26 0.99 0.15 1.32
5 27.15 105.01 105. 12 0.94 -0.05 0.47

270. 41 0.99 -3.25 -1.97
He 69. 52 69. 35 0.98 0.17 0.31
VoL 3550. 90 3693. 60 0.94 -142.70 -3.05
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Figure 6.--Predicted gotql cubic-foot volume per acre trends for site indices of 40 through 80, each planted with 700 trees per acre.
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Figure |.--Predicted mean and periodic annual cubic-foot volume increments for site indices 0f 50 and 70, each planted with 700 trees per acre.




600

o
o
o

N
(@)
o

300

200

SURVIVING TREES PER ACRE

-—
o
o

o
L

llll‘llIll(fl"l1llllll'lll1ll|I{lllllll!ll

10 15 20 25 30 35 40 45 50

P L AN T A T I O N A G E (Y E A R s )

Figure |.—Predicted survival trends for site indices 0f 40 through 80, each planted with 70¢ trees per acre and thinned to 80 fi%/acre of basal area at
ages 15, 22, 30, and 40 where possible.
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Figure 9.--Predicted quadratic mean diameter trends for site indices of 40 through 80, each planted with 700 trees per acre and thinned to 80 ft*/acre
of basal area at ages 13, 22, 30, and 40 where possible.
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Figure 10 .--Predicted basal area per acre trends for site indices of 4 through 80, each planted with 700 trees per acre and thinned to 80 fi%/acre Of basal
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Figure 11 .--Predicted total cubic-foot volume per acre trends for site indices of 40 through 80, each planted with 7(} trees per acre and thinned 10 80
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projections were made to age 40 for unthinned-stand examples or to age 50 for thinned-stand examples. In the
thinned-stand examples, the plantation with a siteindex of 70 was thinned to 80 fi2 of basal area at 15, 22, 30,
and 40 years. The plantation with a site index of 50 was thinned to 80 ft* of basdl area a 22, 30, and 40 years.

Unthinned Plantation

Mean Diameter--The average gain in mean diameter for Site 70 over the Site 50 plantation was 2.34 inches
by stand age 40 (fig. 4).

Basal Area-Basd areaincreased with increasing Site index (fig. 5) but increased more ragpidly on ste 70.
Basal areawas near culmination on both sites by stand age 40.

Total-Stem Volume Yidd--Tota-stem yields (cubic feet, outside bark) did not culminate before age 40 on
either site, but the volume on site 70 a age 40 was 4,024 £ /acre greater than the corresponding value for site
50 (fig. 6).

Mean and Periodic Annual Increment--Totd-stem volume (cubic-feet outside bark) mean annua increment
(MAI) culminated at about stand age 25 on both sites and tapered off more rapidly on site 70. However, a age
25 MA1 was 110.3 ft3/acre per year greater on site 70 than on the site 50 (fig. 7).

Thinned Plantation

Surviving Trees-At age 22, when the site 70 stand was thinned for a second time, the ste 50 stand got its
firgt thinning to the target basa area of 80 f¥/acre (fig. 8). Obvioudy, very few trees were cut from the site
50 stand. The site 70 stand had about 200 fewer trees per acre after the thinning at age 22 than did the site 50
gand. From thistime on, though, the cuts on site 50 removed more trees than did those on site 70, so the gap
closed to about 60 trees per acre. Mortality was not a very important factor in either stand after the thinning
regime was initiated.

Mean Stand Diameter--Quadratic mean d.b.h. averaged 3.4 inches higher on site 70 than on site 50. The
difference was amdler in the early years but condgtently increased over time (fig. 9). Average diameter
increased with each thinning because the thinning technique used in the study plantations was modified low
thinning.

Basal Area--After each stand had been thinned at |east once, basal areayield was about 4 ft*/acre higher in
the site 70 stand than in the site 50 stand just prior to the last two thinnings, and this relationship perssted until
amogt age 50 (fig. 10).

Total-Stem Volume Yield--Totd cubic-foot (outside bark) standing volume was aways greater in the ste 70
plantation than in the Ste 50 plantation (fig. 11), even &fter al thinnings. Total volume at age 50 was 1,338
ft3/acre greater for site 70 than for site 50, and tota volume removed in thinnings was 2,812 ft*/acre greater
for ste 70 than for Site 50.

Unthinned- and Thinned-Stand Comparison

The unthinned site 70 plantation contained 290 trees per acre at age 40, whereas the corresponding thinned
plantation contained 99 trees per acre at that age (before the find thinning). The unthinned plantation contained
SO percent more total volume than the thinned plantation-- 7,371 ft}/acre compared to 4,907 ft3/acre. However,
the average diameter of the trees in the thinned plantation (at age 40) was about 4 inches greater than those in
e unthinned stand.  For the thinned Site 70 stand, the totd «f the volume harvested in the fird three thinnings
and the volume available for harvesting just before the age-40 thinning was 3,204 + 4,907 = 8,111 ff*/acre.
This was about 740 ft*/acre more volume than what was available in the unthinned site 70 stand at age 40.

Computer Program

COMPUTE_P-SLASH, a program that performs calculations and generates yield tables for thinned and
unthinned s!ash pine plantations on cutover Sites in the west gulf region, will soon be avalable. It is written
in FORTRAN 77 and will run on most computers. A user’s guide, which will accompany the software and
explain the program'’ s features, is aso being prepared.
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A growth and yied mode has been developed for dash pine
plantations on problem-free cutover Stes in the west gulf region.

The modd was based on the moment-percentile method using the
Weibull digtribution for tree diameters. This technique was applied to
untbinned and thinned stand projections and, subsequently, to the
prediction of resdua stands immediatdy after thinning.
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gze didribution, survival prediction, volume prediction, Weibull
digtribution.

Persons of any race, color, netiona origin, sex, age, reigion, or with any
handicapping condition are welcome to use and enjoy dl facilities, programs, and
services of the USDA. Discrimination in any form is drictly aganst agency policy,
and should bc reported to the Secretary of Agriculture, Washington, DC 20250.






